The pseudooligosaccharide acarbose is a potent inhibitor of amylases, glucosidases, and cyclodextrin glycosyltransferase and is clinically used for the treatment of so-called type II or insulin-independent diabetes. The compound consists of an unsaturated aminocyclitol, a deoxyhexose, and a maltose. The unsaturated aminocyclitol moiety (also called valienamine) is primarily responsible for the inhibition of glucosidases. Due to its structural similarity to maltotetraose, we have investigated whether acarbose is recognized as a substrate by the maltose/maltodextrin system of Escherichia coli. Acarbose at millimolar concentrations specifically affected the growth of E. coli K-12 on maltose as the sole source of carbon and energy. Uptake of radiolabeled maltose was competitively inhibited by acarbose, with a K i of 1.1 M. Maltose-grown cells transported radiolabeled acarbose, indicating that the compound is recognized as a substrate. Studying the interaction of acarbose with purified maltoporin in black lipid membranes revealed that the kinetics of acarbose binding to LamB is asymmetric. The on-rate of acarbose is approximately 30 times lower when the molecule enters the pore from the extracellular side than when it enters from the periplasmic side. Acarbose could not be utilized as a carbon source since the compound alone was not a substrate of amylomaltase (MalQ) and was only poorly attacked by maltodextrin glucosidase (MalZ).
The maltose regulon of Escherichia coli encompasses genes that are controlled by the positive regulator MalT and by cyclic AMP/CAP, the global regulator for carbon metabolism. Some of these genes are organized in clusters. The malA region at 76.5 min contains the malPQ operon encoding essential metabolic enzymes, maltodextrin phosphorylase and amylomaltase, respectively, and the divergently transcribed malT gene. Likewise, the malB region at 91.4 min contains the genes encoding the components of the transport system, organized in two divergently oriented operons: malEFG and malK lamB malM (22; for a recent review, see reference 6).
With the exception of malT, the expression of these genes is induced when the MalT protein resides in the active conformation that is acquired by the simultaneous binding of maltotriose and ATP. Then, the protein binds to specific sites upstream of the respective promoters (MalT boxes), but transcription is not initiated unless cyclic AMP/CAP also binds upstream of the MalT boxes. This results in repositioning of MalT binding, thereby inducing the bending of the DNA, which eventually turns on transcription (24) .
The uptake of maltose and maltodextrins is accomplished by the combined action of five proteins: a specific channel protein in the outer membrane (maltoporin or LamB), a substrate-specific binding protein in the periplasm (MalE or maltose-binding protein), and a transport complex localized to the cytoplasmic membrane (MalFGK 2 ) (reviewed in reference 6). The latter is a member of the superfamily of ATP-binding cassette transporter proteins (7, 15) and is composed of one copy each of the transmembrane proteins MalF and MalG and two copies of the ATP-hydrolyzing subunit MalK (9) . While the crystal structures of maltoporin and MalE have been solved (25, 32) , structural information on the membrane-bound complex is not yet available. However, crystals of the isolated MalK subunit from Salmonella typhimurium that diffract to a resolution of 3 Å were recently obtained (26) .
Maltodextrins and maltose (Յ10 M) cross the outer membrane through maltoporin molecules which are organized as homotrimers. Each subunit contains a channel that is formed by an 18-stranded, antiparallel ␤-barrel. Within the channels, the substrates are in contact with a "greasy slide" of aromatic residues that provide a path for translocation (12) .
In the periplasm, the ligands are readily complexed with maltose-binding protein that can exist in an open or a closed conformation, respectively. Binding of the substrate stabilizes the closed conformation (31) . Only then can MalE productively interact with cytoplasmically exposed peptide loops of the membrane-integral components MalF and MalG. Through subsequent conformational changes of the latter, the presence of substrate is signaled, resulting in hydrolysis of ATP at the MalK subunits at the cytoplasmic side of the membrane. In turn, MalF and MalG are likely to be set into motion, and this leads to the substrate eventually being translocated across the membrane (10) .
In the cytoplasm, maltose and maltodextrins are attacked by the products of three genes, malQ, encoding an amylomaltase, malP, encoding a maltodextrin phosphorylase, and malZ, encoding a maltodextrin glucosidase. MalQ is essential for growth on maltose, while MalP is required for the utilization of maltodextrins only (6) .
Acarbose is a pseudooligosaccharide that is produced by strains of the genus Actinoplanes and is used to treat patients with diabetes. It is an effective inhibitor of ␣-amylases, glucosidases, and sucrases (36) and consists of an unsaturated aminocyclitol moiety (Fig. 1, ring A) , a deoxyhexose (ring B) (together also called acarviosine), and a normal maltose (rings C and D). Prompted by its structural similarity to maltotetraose, we have studied the effects of acarbose on the metabolism of maltose and maltodextrins in whole cells of E. coli and on individual components of the maltose/maltodextrin system. Our results demonstrate that acarbose is efficiently transported but not metabolized by E. coli due to its poor performance as a substrate of maltodextrin-degrading enzymes. Also, the effects of acarbose on the channel properties of maltoporin were investigated in detail.
MATERIALS AND METHODS

Chemicals. Acarbose and [
14 C]acarbose (2.89 MBq/mg; purity, Ն96%) were generous gifts of Bayer AG (Wuppertal, Germany). Acarbose was of 98% purity and contained trace amounts of glucose (9 g/g) and maltose (42 g/g) but was devoid of maltotriose. Radiolabeled acarbose contained the 14 C isotope in place of all carbon atoms in the acarviosine moiety (rings A and B in Fig. 1) . [ 14 C]maltose (13.3 GBq/mmol) was purchased from ICN (Eschwege, Germany).
Bacterial strains, media, and growth conditions. The following E. coli strains were used in this study: K-12 (wild type, DSM 498), HS3018 [MC4100 malT (Con)-1 ⌬malE444] (13), CB39 (MC4100 malQ::Tn10) (11) , and TK38 (MC4100 malZ Spec r ) (from W. Boos via M. Ehrmann). The cells were usually grown in minimal medium (M63) (18) supplemented with the indicated carbon sources (0.5%). Fresh media were routinely inoculated from a fully grown culture at a 1/100 dilution, and growth was monitored spectrophotometrically at 650 nm until the late exponential phase was reached.
Purification of LamB. LamB of E. coli was purified essentially by a published procedure (2, 30) .
Preparation of osmotic shock fluid. Proteins were released from the periplasm of maltose-grown cells as described previously (19) .
Transport assay. The uptake of radiolabeled sugars was measured as described previously (27) .
Binding assay. Shock fluid from maltose-grown cells was concentrated by ultrafiltration, extensively dialyzed against 10 mM Tris-HCl (pH 7.2), and assayed for binding of [ 14 C]maltose by an established procedure (23) . Enzyme assay. Crude extracts were prepared from cells grown in rich medium supplemented with 0.2% maltose, as described previously (13) . The activities of MalQ (amylomaltase) and MalZ (maltodextrin glucosidase) were assayed by monitoring the release of glucose by using the GOD-POD method (5) .
Identification of sugars released by cell extracts. Aliquots from the enzyme assays were applied to thin-layer chromatography plates and developed as above. Saccharide spots were visualized by dipping the plate into methanol containing 2% H 2 SO 4 , dyeing it, and charring it for 10 min at 180°C as described previously (13) .
Experiments with black lipid membranes. Black lipid bilayer membranes were formed from a 1% solution of diphytanoyl phosphatidylcholine (Avanti Polar Lipids, Alabaster, Ala.) in n-decane, as described previously (4) . The instrumentation consisted of a Teflon chamber with two aqueous compartments connected by a small circular hole with a surface area of 0.3 mm 2 , across which the membranes were formed. The aqueous salt solutions (Merck, Darmstadt, Germany) were used unbuffered and had a pH around 6. The LamB protein was added from the concentrated stock solution to the aqueous phase bathing a membrane in the black state. The temperature was kept at 25°C throughout. The reconstitution of pores in the black lipid membrane was observed on a strip chart recorder. The membrane current was measured with a pair of Ag/AgCl electrodes with salt bridges switched in series with a voltage source and a current amplifier (Keithley 427). The feedback resistors of the current amplifier were between 0.01 and 10 G⍀. The amplified signal was monitored with a strip chart recorder to measure the absolute magnitude of the membrane current and to calculate the stability constant for carbohydrate binding (2) .
The binding of acarbose and maltotetraose to LamB was measured in titration experiments similar to those described previously (3) . In former experiments, the carbohydrate was added to the aqueous phase on both sides of the membrane. In the present study, we expanded the protocol in such a way that carbohydrate was also added to one side of the membrane only: either to the cis side (side Ј; the side of the addition of LamB, carbohydrate concentration cЈ) or to the trans side (side Љ; the opposite side of the membrane, carbohydrate concentration cЉ). In the case where carbohydrate is added to both sides of the membrane (cЈ ϭ cЉ ϭ c), the relative conductance inhibition is given by
where G max is the conductance of a LamB-containing membrane prior to the addition of carbohydrate, and G(c) is the conductance in the presence of carbohydrate. This means that the titration curves can be analyzed by using Lineweaver-Burk plots, as shown in previous publications for carbohydrate-specific porins (2, 29) . The stability constant, K, for the carbohydrate binding to the channel is given by
where kЈ 1 and kЉ 1 represent the on-rate constants for carbohydrate binding from the cis side and the trans side, respectively, to the binding site. The off-rate constants are given by kЈ Ϫ1 and kЉ Ϫ1 . In the case of symmetric kinetics of carbohydrate binding to maltoporin (
In contrast, when the carbohydrate is added to only one side of the membrane (cЈ ϭ c; cЉ ϭ 0), the relative conductance inhibition is given by
Here, attention must be paid to the possibly nonrandom orientation of channels when LamB is added only to the cis side of the membrane. FЈ and FЉ are the percentages of LamB channels oriented in one or the other way in the lipid bilayer membrane (FЈ ϩ FЉ ϭ 1; for random orientation, FЈ ϭ FЉ ϭ 0.5). KЈ and KЉ are then given by
and
Note that KЈ and K Љ cannot be compared to the stability constant K given in equation 2, since they do not represent the stability constants for carbohydrate binding to the channel. Rather, KЈ/KЉ reflects the ratio of the on-rates of the binding processes from the two different sides. In the case of symmetric carbohydrate binding kinetics to maltoporin (
and K* is given by
RESULTS
Acarbose specifically inhibits the growth of E. coli K-12 on maltose. Cells of E. coli K-12 were grown in M63 minimal/ maltose medium (0.5%) to the mid-exponential phase, and acarbose was added at 0.5, 1, and 2 mM, respectively. As shown in Fig. 2 , growth with 0.5 mM acarbose ceased within 1 h whereas initial lysis of cells was observed at higher acarbose concentrations. In contrast, control cells with no addition of acarbose and cells grown in glucose in the presence of the same concentrations of acarbose displayed undisturbed growth. These results demonstrate that the inhibitory effect of acarbose is specifically imposed under conditions that induce the maltose system. Similar results were obtained when the experiments were repeated with an E. coli strain carrying a mutation 
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(malF500) that renders the transport of maltose independent of the binding protein (reference 35 and data not shown).
Acarbose is a competitive inhibitor of [ 14 C]maltose uptake. To identify the components of the maltose system that are affected by acarbose, we first studied the uptake of [
14 C]maltose in vivo. The initial rate of transport was examined in experiments where the substrate was varied in the presence of fixed concentrations of acarbose. The Lineweaver-Burk transformation from this analysis (Fig. 3 ) revealed a pattern of intersecting lines, indicating competitive inhibition by the compound. From these data, an inhibition constant (K i ) of 1.1 M was calculated.
[ 14 C]acarbose is a substrate of the maltose transport system. Next, we examined the capability of maltose-grown cells to transport [
14 C]acarbose that has replaced all carbon atoms of the acarviosine moiety (Fig. 1, rings A and B) by the 14 C isotope. The results are shown in Fig. 4 . Acarbose was transported at a similar rate to radiolabeled maltose when supplied at the same specific radioactivity. Moreover, uptake of acarbose was abolished by the addition of 100 M maltose, strongly indicating that the compound is taken up via the maltose transport system. This notion was further substantiated by the finding that cells precultured in the presence of glycerol failed to exhibit acarbose transport activity (not shown).
Interaction of acarbose with MalE and maltoporin. The above results clearly implied that the individual components of the maltose transport system must recognize acarbose as a substrate. For MalE, this was verified by demonstrating the inhibitory action of acarbose on the binding of radiolabeled maltose. By using an osmotic shock fluid that was prepared from cells grown in M63-maltose medium, inhibition of 5M [ 14 C]maltose-binding activity by acarbose was half-maximal at 17 M acarbose (data not shown).
To gain more detailed insight into the mode of interaction of acarbose with a known maltodextrin-binding site, we have chosen maltoporin as a model for two reasons: (i) structural data on the architecture of the substrate binding sites are available, and (ii) interaction with sugar molecules can conveniently be studied by monitoring changes in the channel properties of the protein, embedded in planar lipid membranes. First, we carried out titration experiments by addition of acarbose to both sides of the membrane. The channels were blocked by acarbose in a dose-dependent manner, as shown in Fig. 5 for a similar experiment where acarbose was added to one side of the membrane (see below). The stability constants were evaluated by using equation 1 and are summarized in Table 1 . The data reveal that the stability constants for acarbose lie in the same range as those obtained for the corresponding maltooligosaccharide, maltotetraose (2) .
The binding kinetics of acarbose to maltoporin is asymmetric. Recently, the three-dimensional structure of maltoporin was solved and the amino acid residues involved in the binding of carbohydrates were identified (12, 25) . The data indicated that maltooligosaccharides are attached to the binding site in a fixed orientation: the nonreducing end is directed toward the periplasmic opening of the channel. Thus, to elucidate the kinetics of acarbose binding to maltoporin, we repeat-FIG. 2. Effect of acarbose on the growth of E. coli K-12 on maltose. Cells were grown at 37°C in minimal medium (M63) in the presence of maltose (0.5%) or glucose (0.5%). At the time indicated by the arrow, acarbose was added at increasing concentrations and growth was continued for 3 h. Maltose-grown cells: E, no addition; F, 0.5 mM acarbose; ᮀ, 1 mM acarbose; s, 2 mM acarbose. Glucose-grown cells: ‚, no addition; OE 2 mM acarbose. OD 650 , optical density at 650 nm.
FIG. 3. Inhibition of [
14 C]maltose uptake by acarbose. Cells were grown in M63-maltose medium to the late exponential phase, harvested, washed twice in M63 salts, and resuspended to an optical density at 650 nm of 7.8. Aliquots (10 l) were diluted in M63 salts (1 ml), and the reaction was started by adding radiolabeled maltose. At 15-s intervals, aliquots (180 l) were withdrawn, the cells were collected by rapid filtration through OE67 membrane filters (pore size, 0.45 m; Schleicher & Schuell), washed once with ice-cold M63 salts, and counted. Shown is a Lineweaver-Burk plot of maltose affinity recorded in the presence of different acarbose concentrations (E, 0 M; F, 0.5 M; ᮀ, 2 M; s, 10 M). Initial rates of transport were calculated per 10 9 cells.
FIG. 4. Uptake of [
14 C]acarbose. Cells were grown and prepared for transport assays as described in legend to Fig. 3 , except that the final cell suspension was adjusted to an optical density at 650 nm of 7.5. Aliquots (10 l) were diluted in 1 ml of M63 salts, and the reactions were initiated by the addition of radiolabeled acarbose (ᮀ, s) or radiolabeled maltose (E, F) (final concentrations, 5.7 M; 22 kBq). The solid symbols represent uptake of the sugars in the presence of 0.1 mM maltose and 0.1 mM acarbose, respectively. The open symbols represent transport of maltose and acarbose, respectively, in the absence of competing (unlabeled) sugars.
ed the above experiments except that the compound was added to only one side of the membrane. From the result of such an experiment, it can be deduced whether the kinetics of acarbose binding to the periplasmic side of the channel differs from that of binding to the extracellular side (see equations 5 and 6). Figure 6 shows the relative conductance inhibition dependent on the acarbose concentration under these conditions. The data could not be fitted by using equation 7, assuming symmetric binding of acarbose (Fig. 6, line 1) . Equation 4 led to a much better fit of the experimental data (line 2), strongly indicating that the binding kinetics of acarbose to the binding site is asymmetric. According to equation 4, we obtained two constants, KЈ and KЉ, for acarbose binding to maltoporin. One (KЈ) had a high value of about 11,000 M Ϫ1 , whereas the other (KЉ) was much lower (400 M Ϫ1 ). The definitions of KЈ and KЉ (see equations 5 and 6 for details) mean that the ratio of the two reflects the ratios of the two on-rates of the binding process. Thus, the on-rates of acarbose binding to the binding site inside LamB differ by about a factor of 30. In contrast, the experimental data obtained with maltotetraose could be fitted with equation 7, which is consistent with symmetric binding kinetics to the protein. Furthermore, the calculated constants K* (equation 8) did not differ between cis and trans experiments (Table 1) .
We also investigated the influence of potential on acarbose binding. Acarbose is a secondary amine with a K a of 5.1 (36) . The acarbose stock solution we used had a pH around 6.7, meaning that the majority of the acarbose molecules were uncharged under our experimental conditions. The influence of the membrane potential on acarbose binding is shown in Fig. 7 . Open LamB channels are voltage independent up to 100 mV, as shown previously (2) . The decrease in current caused by acarbose-mediated channel blockage was only slightly dependent on the applied membrane potential. Only at very high acarbose concentrations was the current-voltage curve slightly asymmetric. The current through the channels was higher when the side of the membrane where acarbose was added was negative (Fig. 7) . The maximum difference between the two polarities was observed at Ϯ100 mV and at high acarbose concentrations. At an acarbose concentration of 9.9 mM, the current at ϩ100 mV was about 20% smaller than at Ϫ100 mV. It is noteworthy that a small asymmetry was also observed at ϩ20 mV compared to Ϫ20 mV. Here the difference was only 10% at 9.9 mM acarbose. From these results, we concluded that the low-affinity binding of acarbose was not caused by the membrane potential or by charged acarbose molecules.
Finally, it should also be noted that these experiments revealed a more or less random orientation of reconstituted channels in artificial membranes, indicating that acarbose molecules could enter them from either the periplasmic or extracellular side.
Acarbose is not used as a carbon source but acts as a weak inducer of the maltose regulon. The observed inhibitory effect of acarbose on the growth of cells on maltose (Fig. 2) already suggested that E. coli might be incapable of using acarbose as a carbon source. Consistent with this notion was the failure to grow cells on M63 medium supplemented with 1% acarbose. Under these conditions, acarbose would also have to act as an inducer of the maltose regulon. To test for a potential inducing activity, we measured the transport rates of cells that were grown in minimal/glycerol medium supplemented with 0.5% acarbose. In contrast to control cells that were precultured in the presence of 0.5% maltose, no uptake of radiolabeled maltose or of acarbose could be observed (not shown).
However, immunoblot analysis of total protein of cells that were grown in the presence of acarbose (1%) revealed elevated levels of maltose-binding protein (ϳ30% relative to those in a maltose-induced culture). By analyzing cultures that were grown in the presence of 1 M maltose, we excluded the possibility that trace amounts of maltose contaminating the acarbose preparation (see Materials and Methods) could raise MalE above the basal level, thereby accounting for the observed effect (results not shown).
Acarbose alone is not attacked by amylomaltase but serves as a weak substrate of maltodextrin glucosidase. The above results clearly demonstrated that acarbose is recognized as a substrate of the maltose transport system, thereby providing at least in part an explanation for its inhibitory action on cells growing with maltose as sole source of energy and carbon. To elucidate the fate of acarbose in the cytoplasm, we measured the release of glucose from acarbose in a crude cell extract of strain HS3018, expressing the mal genes constitutively (13) . As shown in Fig. 8A (lane 2) , the amount of glucose liberated Maltotetraose Acarbose from 10 mM acarbose was Ͻ0.05 mol/mg of protein, while in the presence of maltotetraose, 1.5 mol/mg was released (lane 1). Moreover, when the degradation of maltotetraose (10 mM) was analyzed in the presence of 1 mM acarbose, only a slight reduction in the glucose-liberating activity was observed (lane 3). These results indicate that acarbose is neither a good substrate nor a strong inhibitor of the maltodextrin-metabolizing enzymes amylomaltase (MalQ) and maltodextrin glucosidase (MalZ). MalQ liberates glucose from the reducing end of maltotriose and longer maltodextrins and transfers the remaining maltosyl or dextrinyl moiety onto the nonreducing end of glucose, maltose, or longer molecules (20) . MalZ removes glucose from the reducing end of maltodextrin chains but cannot cleave maltose (34) . Thus, when the experiment is performed in the presence of excess maltose, the activity of MalQ can be more specifically analyzed. Again, acarbose had only a small inhibitory effect on the release of glucose from a mixture of maltose (10 mM) and maltotetraose (1 mM) (Fig. 8A , compare lanes 4 and 5). However, when the formation of glucose was measured with mixtures of maltose and acarbose, substantial activity was observed only in the presence of excess maltose (compare lanes 6 and 7), indicating that MalQ can use acarbose as a glucosyl or maltosyl donor but not as an acceptor (the residual activity in lane 7 is due to MalZ action [ Fig. 8B, lane  7] ). To confirm these results, the same set of experiments was performed with extracts from strains that lack either MalQ or MalZ activity due to mutations in the encoding genes. As shown in Fig. 8B and C, the results confirmed the above conclusions. In extracts of strain CB39, expressing only the malZ gene, acarbose could serve as a weak substrate (about 30% compared to maltotetraose [ Fig. 8B, lanes 1 and 2] ) and also inhibited the degradation of maltotetraose by about 40% (lane 3). However, the absolute activity measured with maltotetraose was only 27% compared to that of strain HS3018, which expresses both genes. This finding suggests that in the wild-type strain the glucose-liberating activity from maltotetraose was due mainly to MalQ action. This conclusion was supported by the data obtained with extracts from strain TK38 that carries an intact malQ gene but lacks malZ (Fig. 8C) . The results from this analysis were also confirmed by visualizing the sugars present in each assay after separation on a thin-layer chromatography plate (data not shown). Together, these findings indicate that acarbose remains largely untouched by the maltose-and maltodextrin-degrading enzymes of E. coli and thus accumulates in the cytoplasm.
DISCUSSION
We have shown that acarbose, a pseudooligosaccharide, is a substrate of the binding-protein-dependent transport system for maltose and maltodextrins of E. coli. This conclusion was drawn from several lines of experimental evidence: (i) acarbose specifically inhibits the growth of E. coli cells on maltose, (ii) acarbose is a competitive inhibitor of maltose uptake, (iii) [ 14 C]acarbose is transported by E. coli cells, and, most notably, (iv) the uptake of acarbose is blocked by maltose. Since only the carbon atoms of the acarviosine moiety were replaced by the 14 C isotope, either acarbose itself or a degradation product encompassing the A and B sugars is transported by the system. In fact, E. coli produces a periplasmic ␣-amylase, the product of the malS gene, that cleaves maltodextrins except maltose from the nonreducing end (28), which might be a candidate for extracellular breakdown of acarbose. However, up to 0.1 mM acarbose did not affect the activity of purified MalS (31a) (in Fig. 4 , transport was assayed at 5.7 M). Thus, it appears safe to conclude that acarbose itself is the transported sugar.
The above results imply that acarbose structurally mimics a natural substrate of the transporter, most probably maltotetraose, and thus should interact with the components involved in substrate recognition, such as maltoporin, maltose-binding protein, and MalF/MalG. Experimentally, this view was confirmed by demonstrating that acarbose (i) competes with maltose for the binding site on MalE, (ii) inhibits the growth of a binding-protein-independent mutant on maltose, and (iii) interferes with the channel properties of maltoporin. The last results led us to conclude that maltoporin functions as a channel for acarbose uptake in the periplasmic space. In comparison to maltotetraose, there is a difference in the interaction with the binding site inside the channel. Structurally, acarbose and maltotetraose differ at their nonreducing ends (Fig. 1) . The three-dimensional structure of the substrate-loaded maltoporin shows that maltooligosaccharides are bound to the ). Fits were done by least-squares analysis.
FIG. 7. Current-voltage curves of a membrane containing 890 LamB channels. The different curves were measured at acarbose concentrations ranging from 0 to 9.9 mM. The voltage is given relative to the cis side of the membrane, the side to which LamB and acarbose were added. The membrane was formed from diphytanoyl phosphatidylcholine/n-decane. The temperature was 25°C.
binding site in only one orientation (12) : the nonreducing end is directed to the periplasmic space, which means that this part of the molecule enters the pore from the extracellular side. When maltotetraose was added to only one side of the black lipid membrane, the carbohydrate could enter the pore either from the periplasmic or extracellular side, assuming random orientation of pores. In this case, we could fit the titration data with a simple formula (equation 7), which means that the binding kinetics are the same from either side. In contrast, when acarbose was added to one side of the membrane only, a twophase binding curve was observed, which could be fitted by equation 4. The KЈ/KЉ ratio reflects the on-rates of the binding processes from the different sides. Because of the structural comparison of acarbose and maltotetraose, we conclude that the higher on-rate was associated with the binding process from the periplasmic side of the channel and that the low on-rate belonged to the binding process of acarbose that entered the LamB channel from the extracellular side. The difference might be due to improper contact of the acarviosine moiety to amino acid residues within the sugar-binding site. The proportions of the two binding curves were almost 50%, indicating that the channels are probably randomly oriented under our experimental conditions.
A relatively low on-rate belonging to the binding process of acarbose entering the pore from the extracellular side seems to contradict the high rate of acarbose transport as shown in Fig.  4 . The transport assays were performed with a concentration of acarbose (5.7 M) that is below the half-saturation constants of acarbose (k 1/2 ϭ 1/K ϭ 62 M [this study]) and maltose (k 1/2 ϭ 1/K ϭ 10 mM [2] ). This means that the permeation of substrate through the pores is determined by the on-rate of the binding process (1a) . However, kinetic studies of maltooligosaccharide binding to LamB of Salmonella typhimurium, which is very similar to LamB of E. coli, demonstrated that the onrate of maltose is more than 1 order of magnitude lower than the on-rate of maltotetraose (16a). Thus, this finding might explain why the transport rate of acarbose is comparable to that of maltose in spite of a decreased on-rate constant for extracellular binding.
Since the conditions needed to grow crystals of both maltose-binding protein and maltoporin are well established, it should be feasible to elucidate the mode of interaction by which acarbose binds to these proteins. For MalE, such studies are in progress.
Structural information for several enzymes that are inhibited by acarbose suggests that various modes of interaction exist. When complexed with ␣-amylase from barley, acarbose was found to bind to the active site by the A, B, and C rings, while interaction with a starch granule-binding site located at the surface occurred via two sugar residues only (17) . At the latter residues, binding involved stacking of acarbose rings on tryptophan residues, a typical feature of protein-carbohydrate interactions that is also found in the substrate-binding sites of MalE and maltoporin (25, 32) . In glycogen phosphorylase, acarbose binds in an orientation such that the A ring makes no contact with the protein (14) . In contrast, all four rings are hydrogen bonded in the active site of cyclodextrin glycosyltransferase (33) and pancreatic ␣-amylase (1), although the binding mode differs between the two enzymes.
Although acarbose is efficiently transported, E. coli is incapable of utilizing it as the sole source of carbon and energy. Moreover, growth on maltose was severely inhibited by acarbose. Our results (Fig. 8 ) strongly suggest that this is mainly because acarbose is only poorly attacked by the enzymes involved in maltose and maltodextrin degradation. Acarbose alone was not degraded by amylomaltase, but in the presence of excess maltose the enzyme could use acarbose to some extent as a glucosyl or maltosyl donor molecule. This indicates that the acarviosine moiety at the nonreducing end of the compound cannot serve as an acceptor for dextrinyl residues. Maltodextrin glucosidase, which, unlike other glucosidases, primarily removes glucose (and to some extent maltose) from the reducing end of a maltodextrin chain with a minimum length of maltotriose (34) , could utilize acarbose as a weak substrate. Moreover, the compound inhibited enzyme action on maltotetraose, which is consistent with its sequence homology to cyclodextrinyl transferases (6, 33, 34) .
Since no release of glucose was monitored with an extract of a malZ mutant, it is safe to assume that the compound cannot FIG. 8 . Glucose-releasing activities of amylomaltase (MalQ) and maltodextrin glucosidase (MalZ) in the presence of maltotetraose, acarbose, or maltose. Cell extracts (80 l) of strains HS3018 (malQ ϩ malZ ϩ ) (A), CB39 (malQ malZ ϩ ) (B), and TK38 (malQ ϩ malZ) (C), were incubated with the indicated sugars for 30 min and assayed in duplicate for the release of glucose by the GOD-POD method (5) . Values represent the mean of two independent experiments. Lanes: 1, maltotetraose (10 mM); 2, acarbose (10 mM); 3, maltotetraose (10 mM) and acarbose (1 mM); 4, maltose (10 mM) and maltotetraose (1 mM); 5, maltose (10 mM), and maltotetraose (1 mM), and acarbose (1 mM); 6, maltose (10 mM) and acarbose (1 mM); 7, acarbose (10 mM) and maltose (1 mM). Standard deviations are indicated by error bars.
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serve as a substrate of maltodextrin phosphorylase (MalP). MalP produces glucose-1-phosphate by sequential phosphorolysis from the nonreducing end of maltopentaose and larger maltodextrins (6) . Maltotetraose and maltotriose are not attacked. Rather, as with glycogen phosphorylase (14) , the compound might be a potent inhibitor of MalP. From the above results, it can be concluded that the vast majority of acarbose molecules that enter the cell are not attacked by the metabolic enzymes involved in maltodextrin degradation and thus accumulate in the cytoplasm. Such a scenario is reminiscent of the phenotype of E. coli malQ mutants that cannot grow on maltose or maltotriose despite the presence of MalZ (6, 16) . This finding was interpreted to mean that accumulation of maltose is toxic to the cell. In fact, when spread on indicator plates in the presence of maltose, malQ mutants display an unusual colony morphology and readily give rise to regularly shaped offspring (papillae) that are transport deficient and thus relieved of the toxic cause (16) . Interestingly, irregularly shaped colonies were also found with cells of a malQ mutant that were plated on indicator plates supplemented with 1% acarbose (not shown). Thus, the observed interference of acarbose with the growth of E. coli on maltose might not only be caused by inhibition of maltose transport activity but also be due to a toxic effect of acarbose when accumulated in the cell. The observation that higher concentrations of acarbose caused cell lysis (Fig. 2 ) would be consistent with this view.
Induction of the maltose regulon requires maltotriose as an effector of the MalT protein. Thus, other carbon sources that have been demonstrated to induce the system, including free glucose and maltose, are thought to be converted into maltotriose by a hypothetical cytoplasmic enzyme (8, 11, 13 ; discussed in detail in reference 6). The finding that acarbose raised the level of maltose-binding protein is in line with the observation that small amounts of glucose were released by the action of maltodextrin glucosidase (Fig. 8B) . Nevertheless, the level of induction proved to be insufficient to measure any transport activity.
In summary, we have shown that acarbose, a pseudooligosaccharide similar in structure to maltotetraose, is efficiently transported by the maltose-maltodextrin transport system of E. coli. Moreover, acarbose is not a substrate of amylomaltase and is only poorly attacked by maltodextrin glucosidase, thereby providing an explanation for the failure of the cells to utilize it as a source of carbon and energy. Thus, in contrast to the components of the transport system that are involved in substrate binding, the degrading enzymes exhibit an elaborate substrate specificity. In this respect, acarbose might be of potential use in further elucidating the molecular mechanism by which MalZ exerts its function.
